Power tiller is the most common prime mover in medium and marginal farms due to its light weight, compact design and low cost. Many attachments for power tiller have been developed except for precision pneumatic planter which is necessary to plant irregular, small and expensive seeds. In the present work, a pneumatic seed metering mechanism was designed for the power tiller operated 3-row precision planter. It was tested for planting soybean, pigeon pea and corn seeds at 20 cm spacing. The best design and operating parameters of the modular seed metering device were identified by conducting experiments on the sticky belt test stand considering various performance indices on the basis of pareto dominance criterion. The seed metering disc having 8 holes of 3.5 mm diameter on pitch circle diameter of 116 mm and operated at 0.11 ms -1 peripheral speed and 6 kPa suction were found to be the best combination of design and operating parameters for the precise metering of seeds. More than 67% of the seeds got distributed in the range of 15-20 cm spacing.
COMPARED to broadcasting and drilling of seeds, placing seeds in well prepared soil at equal spacing within rows ensures uniform root growth, better crop management, reduction in cost of production and increase in crop yield 1, 2 . The practice of sowing single seed at equal distance in rows is called precision planting and the machine used for precision planting is called precision planter 3 . Precision planters reduce the requirement of seeds up to 90% compared to drilling which also eliminate the requirement of thinning 4, 5 . Mechanical seed metering devices such as, horizontal plate, vertical plate and inclined plate with cells on the periphery have been developed for precision planting of seeds. But use of these mechanical devices causes excessive seed damage and multiple pick-up of seeds due to centripetal forces associated with higher speed 6 . Further, these seed metering devices have failed to effectively handle irregular shaped seeds. In addition, use of vertical and inclined plates for seed metering has resulted in missed plantings due to dislodging of seeds from the cells of the plate. Pneumatic seed metering devices that were developed, can meter irregular shaped seeds, besides spherical seeds 3 .
The main component of the pneumatic seed metering device is the modular disc which is mounted vertically. It has seed holes of size less than the size of the seed in its periphery. Seeds are held in the seed hole with the help of vacuum created on one side of the disc using an aspirator blower. As the disc rotates, it picks up seeds from seed reservoir due to vacuum. To release the seed from the seed disc, vacuum is blocked when seed holes reach a point above the seed tube. At this point, vacuum force is absent and due to gravity the seed falls into the seed delivery tube. Accurate seed spacing is affected by the size of seed, design of the modular disc, vacuum pressure and operating parameters 3 . Pneumatic seed metering devices are considered as precision metering mechanism due to high precision in seed placement with minimal seed damage, good control and adjustment, high uniformity in intra-row seed spacings and applicability in wide range of seed types 2, 4, 7, 8 . In many Asian countries with rice, peanut, pigeon pea, soybean, corn and potato as major crops in medium and small farms, power tiller or 2-wheel walk-behind type hand tractor, rather than large tractor has gained popularity 9, 10 . Power tiller is primarily used for tillage with rotary tiller, puddling of paddy fields, and shallow tillage to remove weeds. It is powered by a 6.75-10.58 kW diesel engine, and is used along with matching implements for multifarious farm applications such as ploughing, planting, reaping, threshing, winnowing, pumping irrigation water and haulage of farm produce 11, 12 . Due to its light weight and easy control, it is the most preferred source of farm power for terraced cultivation in many countries.
Power tiller operated planters with horizontal plate, inclined plate and cup feed type devices have been developed for planting potato, peanut, pigeon pea, maize and rice 12, 13 . As the importance of pneumatic planter in the improvement of quality of planting, plant growth and grain yield requires no further emphasis, there is a genuine need to develop a power tiller operated pneumatic planter for small farms, small holdings and terraced cultivation.
Pneumatic planters operated by farm tractors with aspirator blower powered by the power take-off (PTO) of the tractor have been developed 3 . The rotating modular seed metering disc of the tractor-operated precision planter is not suitable for power tiller-operated pneumatic planter due to space constraint in the power tiller and weight of the modular unit. Development of a compact modular unit to match the space available in the power tiller necessitates identification of the best levels of operating parameters for the modular unit. In the present study, a pneumatic metering mechanism was developed for a power tiller operated precision planter, and its performance was evaluated for soybean, pigeon pea and corn seeds.
Materials and methods

Design of pneumatic seed metering mechanism
A pneumatic seed metering mechanism was developed along the same lines as that of Singh et al. 3 , but with some modifications. The aim was to reduce the diameter of seed metering disc so that the whole modular unit could be accommodated in the space available behind the gearbox of the power tiller. Therefore, a disc (diameter 150 mm, thickness 5 mm) was used as the seed metering disc in this study. Diameter of ground wheel of the planter, velocity ratio between the drive shaft of seed metering disc and ground wheel shaft, and the number of seed holes and pitch circle diameter for the seed holes on seed metering disc were decided based on the following relationships 1000 , 60
where D g and N g refer to diameter and rotary speed of ground wheel of the planter in metres (m) and rpm respectively; V refers to the forward speed of power tiller in km h -1 ; D d and V d refer to pitch circle diameter of seed holes and peripheral speed of the disc at the pitch circle of the seed holes in m and m s -1 respectively; S the seed spacing in rows in m; and n h is the number of seed holes on seed metering disc. Considering the forward speed of power tiller in the range of 1.32-2.1 km h -1 (average speed in second low and third low gear) and diameter of ground wheel of the planter as 0.4 m, rotary speed of ground wheel was obtained in the range of 17-28 rpm. For seed spacing of 0.2 m, it was found that 110-176 seeds have to be metered in one minute. By providing 8 seed holes on the disc, the disc has to be operated in the range 13-22 rpm. Taking pitch circle diameter of seed holes as 116 mm, peripheral speed of the disc at the pitch circle of seed holes was found to be in the range 0.085-0.133 m s -1 . This is within the range of peripheral speed of seed metering disc (0.05-0.19 m s -1 ) recommended by other studies 14, 15 . Hence, ground wheel of 0.4 m diameter and seed metering disc with 8 seed holes on 116 mm pitch circle diameter were used to develop the pneumatic seed metering device. In this setting, the required velocity ratio between the drive shaft of the seed metering disc and ground wheel shaft was 1.3. The full range of recommended peripheral speed of the seed metering disc can be obtained by using chain drive.
The seed metering disc rotates over a vacuum retaining plate which has a circular vacuum channel. The vacuum retaining plate and housing of the seed metering system were made of aluminum. They were cast in one piece to reduce the complexity of assembly and maintenance. A vacuum channel of 8 mm × 8 mm cross-section was engraved in the casted piece to create vacuum on one side of the metering disc ( Figure 1) . Material of the dimension equal to the seed metering disc was removed from the casted housing to fit the metering disc perfectly to avoid air leakage. The seed metering disc was vertically mounted on a shaft driven by chain and sprockets, and was held pressed against the housing using a spring. The vacuum channel was blocked with a baffle at the point of seed release to interrupt the suction and to allow the seed to be released from the disc. The other side of the housing was covered by a metal sheet which also supported the seed box. Suction required for holding the seeds against holes was generated by a centrifugal pump with backward curved fins. The pump was connected with the metering unit using a suction hose. The pump was powered from the belt pulley shaft of the power tiller at the required speed to generate sufficient vacuum to hold the seeds. The diameter of seed holes was decided based on ≤50% of geometric mean of seeds. The geometric mean of seeds was determined using the following formula
where l, h and t are the length, height and thickness of seed in mm. The holes were made in conical shape with an included angle of 120° as suggested by Singh et al. 3 .
Testing of pneumatic seed metering system
The seed placement accuracy of a vacuum seed metering mechanism is affected by the design and operating parameters such as disc hole size and angle, metering disc speed and suction pressure 2, 3, 7, 13, 14, 16 . The pneumatic seed metering system was tested to identify the best combination of suction pressure for single seed pickup, seed hole diameter and disc speed to achieve uniform distribution of seeds.
The seed metering system was tested on a sticky belt test stand ( Figure 2 ). The length of the belt was 15 m and supported on two pulleys. Pulleys were driven by the wheel axle shaft of a power tiller which was mounted on a stationary jack. To simulate the field conditions, the sticky belt was rolled below the seed metering device at the same operational speed as that of the power tiller 3, 5, 8 . The vertical gap between seed delivery port and sticky belt was kept at 25 mm. Seed metering disc was driven by the same wheel axle shaft of the jack-mounted power tiller that operated the sticky belt using a chain drive. The velocity ratio of chain drive was varied to acquire the required peripheral speed of seed disc. The suction for the metering disc was created by a centrifugal pump driven by an electric motor. Suction can be varied by varying the speed of the pump which was done by a variable frequency drive attached with the motor. A vacuum gauge with least count of 0.1 kPa was used to measure vacuum pressure. Rotational speed of metering shaft and speed of the sticky belt were measured using a digital tachometer.
The design and operating parameters (independent parameters) chosen for the test were seed hole diameter and peripheral speed of metering disc and suction pressure. The levels of the independent parameters for the test were selected based on practical considerations, preliminary trials and range of each parameter considered by past researchers. High quality seeds of soybean (variety, JS 335), pigeon pea (variety, UPAS 120) and corn (variety, RCM 1-1) were chosen for the test. Dimensional properties of seeds such as length, width, thickness and frontal area were measured by image processing method 17 which are presented in Table 1 . The geometric mean of soybean, pigeon pea and corn seed was found to be 6.96, 6.28 and 7.25 mm respectively. Therefore, in this study, three seed metering discs having seed hole sizes of 2.5, 3.5 and 4.0 mm were chosen. Operating speed of sticky belt was chosen corresponding to forward speed of power tiller at second low (1.32 km h -1 at 50% throttle) and third low (2.1 km h -1 at 50% throttle) gears. Singh et al. 3 studied the performance of a pneumatic seed metering device for cotton seeds at the peripheral speed of the disc in the range 0.34-0.44 m s -1 with seed holes of size ≤50% of the geometric mean diameter of the seeds. The seed spacing uniformity of cotton seeds was studied 14 at the speed of seed metering disc in the range 0.05-0.19 m s -1 , with 0.12 m s -1 as the central value. In this study, two levels of peripheral speeds (0.11 and 0.18 m s -1 ) of the seed disc at the pitch circle of the seed holes were selected to achieve a seed spacing of 20 cm. Karayel et al. 7 estimated the negative pressure (suction) for picking of single seed of various crops. They predicted vacuum pressure of 4 kPa for maize, 3 kPa for soybean, 2.5 kPa for watermelon, 2 kPa for cucumber and sugar beet, and 1.5 kPa for onion seeds. Therefore, in this study, vacuum pressures of 3.0, 4.5 and 6.0 kPa were chosen for the test. The vacuum pump was operated at 3000, 4000 and 4600 RPM to obtain the vacuum pressure of 3.0, 4.5 and 6.0 kPa respectively. The sticky belt was prepared by smearing grease on the top surface of the belt to capture the seeds and prevent them from bouncing or rolling. The required vacuum pressure was generated by the vacuum pump at a speed corresponding to 50% engine throttle of the power tiller. The sticky belt and seed metering disc were operated according to the levels of independent parameters. The seed spacing on the sticky belt was measured using a metric tape 5 . A full factorial design of experiment with three factors was chosen. Each test run was carried out three times and the results analysed using statistical software (SAS, Ver 9.3). The effect of independent parameters was assessed based on performance indices (dependent parameters), which were miss index, multiple index, mean seed spacing, quality of feed index (QFI) and precision in spacing. Miss index is calculated as the percentage of spacing greater than 1.5 times of set spacing and multiple index is the percentage of spacing less than or equal to half of set spacing. The QFI is calculated as the percentage of spacing that is more than half but less than 1.5 times the set spacing. The variability in seed spacing resulting from both multiples and misses is expressed by precision in spacing 3 . The dependent parameters were determined as follows 
Precision in spacing ,
where x is the spacing between seeds (in mm), S the set spacing (in mm), n 1 the number of spacings >1.5S, n 2 the number of spacings ≤0.5S, N the total number of spacings measured, S d is the standard deviation of the spacings more than or half but less than equal to 1.5 times the set spacing S (in mm) 5 . The best combination of independent parameters was selected based on the fact that these should result in high QFI and low miss and multiple indices, and low precision in spacing.
Identification of the best combination of design and operating parameters
Pareto dominance criterion was used to identify the best combination of design and operating parameters. In this technique, the best combination of design and operating parameters (solution) is identified from the combinations of parameters based on the desired maximum or minimum values of performance indices (objective function values). This technique involves straightforward comparison of the performance indices for each combination of design and operating parameters, and arranging the combination of parameters based on the definition of dominance. The combination of design and operating parameters that is dominated by no other combination of parameters is considered as the best combination of parameters for the design and development.
In a minimization problem of m performance indices, a combination of design and operating parameters x dominates another combination of design and operating parameters y is defined by | : ( ) ( ) and : ( ) ( ),
where f i (x) and f i (y) are the values of the ith performance index corresponding to x and y respectively. The meaning of the above definition is that all the performance indices corresponding to the combination of design and operating parameters corresponding to x ≤ y, and at least one performance index whose value for x is smaller than that for y. The two are said to be nondominated if x does not dominate y and vice versa. A set of non-dominated solutions is termed as non-dominated front 15 .
Procedure for non-dominated sorting
In the present study, miss index, multiple index and the precision in spacing have to be minimized, whereas QFI has to be maximized. Therefore, to convert this into a minimization problem of all the performance indices, reciprocal of QFI was taken. Steps involved in nondominated sorting are given as: (i) One individual combination of design and operating parameters (p) was taken up.
(ii) This combination of design and operating parameters was compared with other combinations of design and operating parameters. As per the definition of Pareto dominance, a set (S p ) of the combination of design and operating parameters in which p dominated was generated.
The number of combinations of design and operating parameters that dominated this combination was also noted. (iii) Steps (i) and (ii) were repeated for each individual combination of design and operating parameters. (iv) The non-dominated front (F 1 ) was developed with combination of design and operating parameters that was dominated by none. The front F 1 was stored. Any combination of design and operating parameters in the front F 1 containing the speed of metering disc, suction and hole size can be selected as the best combination of design and operating parameters.
Results and discussion
Effect of design and operating parameters on performance indices
Variations in performance parameters with each independent parameter were plotted (Figure 3 ). The analysis of variance of the QFI, miss and multiple index, and precision in spacing are presented in Tables 2-4. It is evident from Table 2 that precision in seed spacing was significantly affected by suction and miss index, by interaction of metering disc speed and suction. The speed of metering disc had the highest influence on QFI and multiple index in case of soybean seeds. At the disc speed of 0.11 m s -1 , QFI was significantly higher and multiple index was significantly lower than at the disc speed of 0.18 m s -1 as shown in Figure 3 . The combination of 0.11 m s -1 disc speed and 4.5 kPa suction resulted in significantly higher QFI and lower miss and multiple indices. The spacing had significantly lower variation at a suction of 4.5 kPa. The combination of 0.11 m s -1 disc speed and 3.5 mm hole size increased the QFI and reduced the multiple index. The suction of 4.5 kPa for soybean seeds was higher than that reported by Karayel et al. 7 . The hole diameter of 3.5 mm gave the hole to seed size ratio of 0.502, and Karayel et al. 7 found the hole to seed size ratio of 0.505 to be most suitable for metering of soybean seeds.
For metering of pigeon pea seeds, miss index was significantly affected by the main and interaction effects of the independent parameters (Table 3) . Multiple index was highly influenced by suction and hole size. The speed of metering disc and suction significantly affected QFI. The combination of 0.11 m s -1 metering disc speed, 4.5 kPa suction and 4 mm hole diameter resulted in significantly lower miss index. The main and interaction effects of the speed of the metering disc and hole size, and interaction of suction and hole size affected the precision in spacing. The metering disc speed of 0.11 m s -1 increased the QFI and reduced the variation in seed spacing (Figure 3) . The suction of 3 kPa significantly reduced multiple index and increased QFI. Multiple index was also low for the hole diameter of less than 3.5 mm.
The main and interaction effects of all the independent parameters significantly affected the miss index for corn seeds ( Table 4 ). The suction affected QFI, and the hole size significantly affected QFI and precision in spacing. The lowest miss index was observed in the combination of 0.11 m s -1 metering disc speed, 6 kPa suction and 4 mm diameter of hole. The suction of 6 kPa resulted in significantly higher QFI (Figure 3 ). The hole diameter of 4 mm increased the QFI, and hole diameter of 3.5 mm decreased the variation in spacing. The values of miss index observed were higher for corn seeds compared to other seeds. This might be due to the irregular shape of seeds. The metering disc speed of 0.11 m s -1 is lower than that reported by Barut and Ozmerzi 18 for corn seed at the suction of 4 kPa. Therefore, it seems better to increase the number of holes in seed plate instead of increasing the disc speed for the close planting of seeds. The suction requirement of 6 kPa was higher than that reported by Karayel et al. 7 . This hole size of 3.5-4.0 mm gives the hole to seed size ratio of 0.48-0.55, which is also higher than that reported by Karayel et al. 7 . Overall, no single combination of suction, metering disc speed and hole size (design and operating parameters) resulted in the occurrence of high QFI, low miss and multiple indices and low variation in spacing at a time. In this situation, a certain level of trade-off among all performance indices is represented by the best combination of design and operating parameters. The set containing all the trade-off design and operating parameters is called the Pareto front 19 , and the set of parameters on the Pareto front are also called non-dominated set. Therefore, selecting a best combination of design and operating parameters refers to obtaining a subset of the combination of parameters on the Pareto front instead of getting the best combination for each performance index.
Best combination of design and operating parameters
The non-dominated set of combination of design and operating parameters of the pneumatic seed metering device for metering of soybean, pigeon pea and corn parameters. The sixth combination of parameters had better miss index than the first, second and fourth, and better precision than the third and fifth combination of parameters. All other combinations of parameters had all four values of performance indices poorer than one of these six combinations of parameters. Therefore, these six combinations of parameters are shown in Table 5 , while the rest were discarded. For corn seeds, miss index was lowest for the third combination of parameters, multiple index was lowest for the fourth, QFI was highest for the sixth and precision was lowest for the fifth combination of parameters. The second combination of parameters had a better miss index than the third, fourth and fifth combination of parameters, and better in all other indices than the third combination of parameters. The first combination of parameters had a better miss index than the fourth and fifth, better multiple index than the second, third, fifth and sixth, better QFI than the third, fourth and fifth, and better precision than the fourth combination of parameters. All other combinations of parameters had all four performance indices poorer than at least one of these six combinations of parameters. Therefore, these six combinations of parameters were non-dominated, and are only listed in Table 5 . The four combinations of parameters for soybean seeds, and six parameters each for pigeon pea and corn seeds shown in Table 5 are equally the best combinations of design and operating parameters for the pneumatic seed metering mechanism for the respective crops. Any one of the combinations of design and operating parameters in Table 5 for each crop can be taken for the design and development of pneumatic seed metering mechanism. However, the speed of metering disc of 0.11 m s -1 , suction of 6 kPa and hole diameter of 3.5 mm was in the pareto front for the three types of seeds taken in the study, and can be used for the design of power tiller operated pneumatic planter.
The classical method of identification of the optimum combination of design and operating parameters requires the development of a regression or soft computing based model, and the search for the optimum solution in the design space by numerical or nature inspired techniques 3, 7, 13, 18, 19 . The optimum solution depends on the accuracy of the model, and the cost of computation for the search for an optimal solution is also high 13 . The pareto dominance criterion does not search for an optimum solution, but only identifies the best solution among the available solutions in design space. Identification of the solution is fast, and the cost of computation is very low.
The design of pneumatic seed metering mechanism is unique in the sense that, a 3-row precision planter matching the space, power and operational constraints of the power tiller can be developed based on the outcome of the study. The heart of the mechanism is the centrifugal pump used for generating the suction to hold the seed in the seed hole of the disc. The 6 kPa suction required can be generated at the impeller speed of 4600 RPM. At the rated engine speed of 1800 RPM, V-pulley shaft of the power tiller rotates at 1200 RPM. A V-belt drive of velocity ratio 4 : 1 can be used to drive the pump shaft from the V-pully shaft of power tiller. The required speed of the metering disc can be obtained from the ground wheel of the planter through a chain drive at the second low forward speed (50% throttle) of the power tiller.
Use of the power tiller operated precision planter with the developed pneumatic seed metering mechanism resulted in planting of more than 67% of the seeds in the range of 150-200 mm spacing. Compared to the available design of power tiller operated planters, precision planter developed in the present work can be operated at higher speed with uniform distribution of seeds in the field. Use of developed precision pneumatic planter mechanism is expected to assist in precise planting of seeds, maintain the required plant population and enhance the quality of produce and yield in medium and small farms.
Conclusion
A pneumatic metering mechanism for power tiller-operated precision planter was developed. The laboratory experiments revealed that the performance of the pneumatic seed metering device was satisfactory. Seed metering disc of 150 mm diameter with 8 holes of 3.5 mm diameter on the 116 mm pitch circle diameter and operated at the peripheral speed of 0.11 m s -1 , and a suction of 6 kPa were found to be the best combination of design and operating parameters for the precise metering of soybean, pigeon pea and corn seeds. These design and operating parameters can be used as the basis for the development of a power tiller operated pneumatic planter for precise planting of seeds, uniform plant distribution and enhancement of the quality of produce and yield in medium and small farms.
